Abstract. Lung cancer is the leading cause of mortality worldwide. However, there is a lack of effective therapeutic strategies. Currently, tumor immunotherapy based on exosomes, which are secreted by a variety of cell types including tumor cells, has drawn particular attention and are suggested to have the potential for exploitation in tumor therapy. Nevertheless, the therapeutic efficacy mediated via tumor cell-derived exosomes is not satisfactory. Rab27a, one of the Rab family of small GTPases, has been suggested to be important in exosome secretion. Thus, the purpose of the present study was to examine whether exosomes derived from Rab27a-overexpressing cells elicited more potent antitumor immunity. A Rab27a-overexpressing line was established via transfection of a Rab27a overexpression vector into the human non-small-cell lung cancer cell line, A549. Exosomes were isolated and the typical exosomal protein markers, CD9, CD63, heat shock protein (Hsp) 70 and Hsp90, were found to be enriched in the exosomes derived from Rab27a-overexpressing cells. Subsequently, these exosomes were demonstrated to be capable of upregulating major histocompatibility complex class II molecules as well as the co-stimulatory molecules CD80 and CD86 on dendritic cells (DCs), suggesting that more potent maturation of DCs was induced. Furthermore, DCs loaded with exosomes derived from Rab27-overexpressing cells significantly promoted CD4 + T cell proliferation in vitro. In addition, in vivo immunization of exosomes derived from Rab27a-overexpressing cells inhibited tumor growth in a mouse model. It was also demonstrated that splenocytes from mice immunized with exosomes derived from Rab27-overexpressing cells expressed high levels of type I cytokines, including IL-2 and IFN-γ, which are important in the regulation of cell-mediated antitumor immunity. Collectively, it was demonstrated that exosomes derived from Rab27a-overexpressing cancer cells elicited more potent antitumor immune effects, which may provide novel insights for the development of efficient exosome-based cancer vaccines.
Introduction
Lung cancer is the leading cause of mortality worldwide (1) , with ~80% of lung cancers being non-small-cell lung cancers. Previously, it was demonstrated that lung cancer, not only has a high incidence of recurrence, but also poor overall survival (2) . However, in spite of substantial progress made with traditional therapy, there remains a lack of effective therapeutic strategies. Therefore, novel potential therapeutic treatments should be developed.
Based on the concept of the tumor immune response (3) (4) (5) , development of novel agents is crucial in order to re-engage the immune system to recognize and kill tumor cells. Exosomes secreted by immune or tumor cells have drawn particular attention and have been suggested to have the potential for exploitation in tumor immunotherapy (6, 7) . Exosomes are a type of nano-sized membrane vesicle with a diameter of 50-90 nm, first identified in the process of reticulocyte maturation, that discard unwanted membrane proteins such as the transferrin receptor (8) (9) (10) . More recently, it has been demonstrated that exosomes are secreted by a wide range of cell types such as astrocytes, neurons and epithelial cells, in addition to tumor and immune cells [reviewed in (11) ]. Exosomes contain various types of proteins that are inherited from their parental cells, such as tetraspanins and chaperones [Heat shock protein (Hsp) 70 and Hsp90] (12) . Moreover, exosomes derived from different cell types exhibit selective enrichment of specific proteins. For example, exosomes secreted from antigen-presenting cells were enriched in major histocompatibility complex (MHC) class I and II molecules and co-stimulatory molecules (13) . In addition to proteins, functional RNAs and lipids have also been observed in exosomes (14, 15) . The interaction between exosomes and target cells may result in the direct stimulation of target cells. Thus, exosomes are suggested to be important in cell-to-cell communication and are considered ideal agents to engage the immune response (16) . Studies have demonstrated that exosomes derived from immune cells are able to directly activate CD4 + or CD8 + T cells (17, 18) . Exosomes derived from tumor cells containing tumor antigens are able to transfer tumor antigens to dendritic cells (DCs), eliciting a specific antitumor effect (6) . Therefore, exosomes derived from tumor cells have been suggested as a novel type of cancer vaccine.
Exosomes derived from Rab27a-overexpressing tumor cells elicit efficient induction of antitumor immunity
However, the therapeutic efficacy of tumor cell-derived exosomes is unsatisfactory. Thus, additional improvement of exosomes to induce more potent antitumor effects is of particular importance. Rab27a, one of the Rab family of small GTPases, was suggested to be important in exosome secretion (19) . Rab proteins are reported to control vesicular trafficking of different steps, such as budding, motility and docking, as well as fusion of various vesicular transport intermediates (20) . Rab27a was also suggested to regulate azurophilic granule exocytosis of neutrophils and NADPH oxidase activity (21) . Defects in Rab27a have been demonstrated to result in an immunodeficiency disorder, characterized by impaired cytotoxic T-lymphocytes and natural killer cell function (22, 23) . Knockdown of Rab27a in mice impaired the secretion of myeloperoxidase stimulated by lipopolysaccharides (LPSs) in vivo (24) . Thus, whether exosomes from Rab27 expression-modified tumor cells have unique effects on antitumor immune activation remains unknown.
In the present study, investigation of the antitumor effect of exosomes derived from Rab27a-overexpressing tumor cells was conducted. A Rab27a-overexpressing cell line was initially established via transfection of a Rab27a overexpression vector in the human non-small-cell lung cancer line, A549. Exosomes were isolated and the typical exosomal protein markers CD9, CD63, Hsp70 and Hsp90 were identified as highly expressed compared with exosomes from control tumor cells. Subsequently, exosomes from Rab27a-overexpressing cells were demonstrated to be capable of inducing more potent maturation of MHC class II molecules and the co-stimulatory molecules CD80 and CD86, which were all highly upregulated in DCs. Furthermore, DCs loaded with exosomes derived from Rab27-overexpressing cells significantly promoted CD4 + T-cell proliferation in vitro. In addition, in vivo immunization with exosomes derived from Rab27-overexpressing cells inhibited tumor growth in a tumor mouse model. It was also demonstrated that splenocytes from mice immunized with exosomes derived from Rab27-overexpressing cells expressed high levels of type I cytokines, including IL-2 and IFN-γ, which are important in the regulation of cell-mediated antitumor immunity. Collectively, it was demonstrated that exosomes derived from Rab27a-overexpressing cancer cells elicited more potent antitumor immune effects, which may provide novel insights for the development of efficient exosome-based cancer vaccines.
Materials and methods
Animals. BALB/c mice (specific pathogen-free grade, five weeks old, weighing 25-30 g) were obtained from the Medical Experimental Animal Center (Guangdong, China). The mice were raised under standard conditions of room temperature, dark-light cycle and humidity with free access to water. Experiments were conducted under a protocol approved by the Institutional Animal Care and Use Committee of the Fourth Military Medical University (Xi'an, China). All efforts were made to minimize suffering.
Cell culture. The human non-small-cell lung cancer cell line, A549 (SunBio Biomedical Technology Co., Ltd., Shanghai, China), was maintained in RPMI-1640 (Wuhan Boster Biological Technology, Ltd., Wuhan, China) supplemented with 10% fetal bovine serum. The cells were cultured at 37˚C in an incubator (Life Technologies, Baltimore, MD, USA) containing 5% CO 2 .
Vector construction and transfection. Total RNA was extracted from the cultured cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Up to 5 µg of the total RNA was reverse-transcribed into cDNA using SMART MMLV reverse transcriptase (Clontech, Palo Alto, CA, USA). The cDNAs were used as templates for amplification of Rab27a using two designed primers (forward: 5'-aaatatgcggccgcatgtctgatggagattatgattacc-3' and reverse: 5'-ccgctcgagtcaacagccacatgcccctttctcc-3') according to the open reading frame of the Rab27a cDNA sequence (GenBank accession no. CR536496.1). The cloned Rab27a DNA fragments were subcloned into pCMV-Sport6 (Invitrogen, Carlsbad, CA, USA) using the NotI and XhoI restriction sites. The Rab27a DNA sequences in the recombinant vectors were confirmed by DNA sequencing (Sangon Biotech, Shanghai, China). For transfection, cells were seeded in a six-well culture plate (2x10 5 cells/well) and incubated at 37˚C with 5% CO 2 until the cells reached 80% confluence. Experimental procedures were performed according to the manufacturer's instructions. Briefly, plasmid DNA (1 µg) was diluted in 500 µl fresh medium with 5 µl lipofectamine (Invitrogen), mixed and incubated at room temperature for 15 min. Subsequently, the mixtures were applied to the cells at a final volume of 3 ml medium. The cells were cultured under the standard conditions for 24 h.
Exosome isolation. Exosomes were isolated according to previously reported protocols (14) with minimal modification. Briefly, cell culture supernatants were collected at the indicated times by centrifugation (800 x g for 5 min and 12,000 x g for 20 min at 4˚C) and the collected supernatants were filtrated via a 0.22-µm diameter pore filter (Millipore, Billerica, MA, USA). Subsequently, ultracentrifugation at 110,000 x g for 3 h at 4˚C was performed. Thereafter, the ultracentrifuged pellets in the bottom of the tube were collected and resuspended in phosphate-buffered saline (PBS; sterile filtered), followed by ultracentrifugation at 110,000 x g for 2 h. Subsequently, the final pellets were collected and resuspended in sterile-filtered PBS and stored at -80˚C for further use. The total protein concentrations of the exosomes were quantified using a BCA Protein Assay kit (Pierce, Rockford, IL, USA).
Western blot analysis.
A total of 20-30 µg of protein was fractionated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to a nitrocellulose membrane (Amersham Pharmacia Biotech, Little Chalfont, UK). The membrane was treated by agitation and blocking at room temperature with 2% non-fat dry milk in Tris-buffered saline (TBS) for 1 h, followed by incubation with primary antibodies (Rab27a, CD9, CD63, HSP70 and HSP90 antibodies from Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA; CD80, CD86 and MHC class II antibodies from Abcam, Cambridge, UK) diluted (1: 10,000) in blocking buffer at 4˚C overnight and then washed three times with TBS and Tween (TBST; 10 mM Tris-HCl, pH 7.5, 150 mM NaCl and 0.05% Tween-20) for 10 min each time at room temperature. Thereafter, the membrane was incubated in the corresponding horseradish peroxidase (HRP)-conjugated goat anti-mouse secondary antibody (Wuhan Boster Biological Technology, Ltd.; diluted 1:5,000 in the blocking buffer) for 1 h. After being washed three times with TBST and once with TBS, each for 10 min, 1 ml 4-chloro-1-naphthol as a HRP substrate with 9 ml TBS and 6 µl H 2 O 2 was used to visualize the target protein in the dark for 5-30 min.
DC generation and stimulation. Mouse bone marrow-derived DCs were obtained from a BALB/c mouse as described previously (25) . The bone marrow cells were cultured in RPMI-1640 media with granulocyte-macrophage colony-stimulating factor (GM-CSF; 20 ng/ml) and IL-4 (10 ng/ml). On day 3, floating cells were discarded and fresh medium was added. On day 6, non-adherent and loosely adherent cells with the typical morphological features of DCs were collected for subsequent use. Immature DCs (~5x10 5 ) were resuspended in 1 ml complete culture medium supplemented with GM-CSF (10 ng/ml) and IL-4 (1 ng/ml), and incubated with exosomes at the indicated concentrations for 24 h. DCs stimulated with PBS or LPS (1 µg/ml) were used as controls. Cytokine levels in the culture supernatants were analyzed using the corresponding cytokine ELISA kit (Shanghai BlueGene Biotech Co., Ltd., Shanghai, China) according to standard procedures. For the protein expression analysis, cell lysates were detected by western blot analysis using the indicated antibodies.
CD4 + T-cell proliferation by [ 3 H]-thymidine incorporation. CD4
+ T cells were collected from the spleens of BALB/c mice immunized with A549 cells (100 µg cell lysate per week) at day 6. The cells were purified with immunomagnetic beads (Miltenyi Biotech, Cologne, Germany) followed by culturing in complete RPMI-1640 media. Subsequently, DCs pulsed with exosomes were added (CD4 + T cells/DCs: 10/1) and incubated for 56 h. Thereafter, 0.5 µCi [
3 H]-thymidine per well was added, followed by another 16 h of continuous culture. Subsequently, [ 3 H]-thymidine uptake was detected by a MicroBeta counter (Beckmen Coulter, Krefeld, Germany).
Tumor inoculation and exosome challenge of mice. BALB/c mice were injected with exosomes (10 µg each time) or PBS (as the control) into the left groin subcutaneously on day -13, -11, -9 and -7. On day 0, a dose of 5x10 5 
Results

Overexpression of Rab27a increases the levels of selected exosomal proteins.
To assess the effect of Rab27a on exosome secretion, a Rab27a overexpression vector was transfected into the non-small-cell lung cancer cell line A549. The expression levels of Rab27a in the cells were determined by western blot analysis and the results confirmed that Rab27a was highly expressed in the cells transfected with the Rab27a overexpression vector compared with the controls (Fig. 1A) . Reportedly, Rab27a is responsible for exosome secretion (19) ; thus, in order to determine whether the overexpression of Rab27a affected the levels of particular molecules in exosomes, the typical exosomal protein markers CD9, CD63, Hsp70 and Hsp90 (26) were screened by western blot analysis. The 
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results showed that exosomes from Rab27a-overexpressing cells exhibited high levels of CD9, CD63, Hsp70 and Hsp90 compared with exosomes from the control cells. In addition, the levels of all these proteins in the parental cells were not affected (Fig. 1B) .
Exosomes derived from Rab27a-overexpressing cells induced more potent maturation of DCs.
Exosomes derived from cancer cells containing Hsps have been found to induce more potent immune activation (27) . Thus, it was hypothesized that exosomes derived from Rab27-overexpressing cancer cells that harbored increased levels of Hsp70 and Hsp90 would induce more potent immune activation. The effect of the exosomes was analyzed on DCs, which are the professional antigen-presenting cells in vivo. The DCs were incubated with the exosomes for 48 h, and MHC class II molecules as well as the co-stimulatory molecules CD80 and CD86 in the DCs were examined by western blot analysis. The data showed that the DCs incubated with exosomes derived from Rab27a-overexpressing cells expressed higher levels of MHC class II, CD80 and CD86 compared with the controls (Fig. 2A) , suggesting that exosomes derived from Rab27-overexpressing cells had a stronger effect on DC maturation. Furthermore, exosomes derived from Rab27-overexpressing cells also induced significantly higher levels of cytokines, including IL-1β (Fig. 2B) , TNF-α (Fig. 2C) and RANTES, compared with the controls (Fig. 2D) . These results indicated that exosomes derived from Rab27-overexpressing cells had a more potent immune-stimulatory activity.
DCs loaded with exosomes derived from Rab27a-overexpressing cells significantly promoted CD4
+ T-cell proliferation. To confirm that exosomes derived from Rab27a-overexpressing cells elicit more potent immune activation, the effect of DCs loaded with exosomes derived from Rab27a-overexpressing cells on the activation of CD4 + T cells was determined. CD4 + T cells were purified from the spleens of mice immunized with A549 cell lysates and co-incubated with DCs that were pre-pulsed with exosomes. Cell proliferation was evaluated by measuring the uptake of [ 3 H]-thymidine. The results showed that the proliferation of CD4 + T cells was markedly enhanced by DCs loaded with exosomes derived from Rab27a-overexpressing cells (Fig. 3) .
Exosomes derived from Rab27a-overexpressing cells induce an efficient antitumor effect. To examine whether exosomes derived from Rab27a-overexpressing cells induced efficient antitumor effects, mice were pre-immunized with exosomes and then challenged with A549 cells. The results showed that immunization with exosomes derived from Rab27a-overexpressing cells significantly inhibited tumor growth in vivo (Fig. 4A) , compared with exosomes from cells transfected only with the null vector or treated with PBS (P<0.01). Furthermore, the effect on tumor growth 
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in a pre-established tumor model was also examined and similar inhibitory effects on tumor growth were observed (Fig. 4B) . The results indicated that exosomes derived from Rab27a-overexpressing cells induced stronger antitumor effects than normal exosomes.
Exosomes derived from Rab27a-overexpressing cells induced strong production of type I cytokines.
To confirm whether exosomes derived from Rab27-overexpressing cells induced effective antitumor immunity, type I cytokines that are critical in cell-mediated antitumor immunity were screened (27) . Splenocytes derived from exosome-immunized mice were re-stimulated with A549 cells in vitro. The levels of type I cytokines IL-2 and IFN-γ were then measured. The results showed that the concentrations of IL-2 ( Fig. 5A ) and IFN-γ (Fig. 5B) were higher in the splenocytes of mice immunized with exosomes derived from Rab27a-overexpressing cells than with exosomes derived from normal cells.
Discussion
Results of the present study have demonstrated that exosomes derived from Rab27a-overexpressing cancer cells induced more potent antitumor effects. The improved antitumor efficacy may be due to their enrichment in molecules that contribute to the induction of immune activation, such as Hsp70 or Hsp90 and tumor antigens. However, this theory requires further elucidation. Exosomes derived from heat-shocked lymphoma cells have been demonstrated to contain increased amounts of molecules A B involved in immunogenicity, including Hsp60, Hsp90, MHC class I and II, CD40 and CD86, and induce efficient antitumor T-cell immunity (27) . In accordance, similar effects were obtained in the present study by modification of Rab27a expression in parental cancer cells. Recently, it has been reported that exosomes derived from anticancer drug-treated cancer cells elicit effective natural killer cell antitumor responses in vitro (28) . Thus, it appears that improvement of exosome-mediated immune activation by modification of their parental cells is feasible.
Notably, in the present study it was demonstrated that overexpression of Rab27a increased the levels of certain molecules in secreted exosomes without affecting the total amounts in the parental cancer cells. Silencing Rab27a has been demonstrated to block exosome secretion and downregulate protein levels of exosomal markers, including HLA-DR, CD63, Tsg101 and Hsc70, in human HeLa cells (19) . However, the size and morphology of the exosomes was unaffected. Rab proteins are reported to control vesicular trafficking at different steps, such as budding, motility and docking, as well as the fusion of various vesicular transport intermediates (20) . Rab27a has also been suggested to regulate azurophilic granule exocytosis by neutrophils and NADPH oxidase activity (21) . Defects in Rab27a resulted in an immunodeficiency disorder exhibiting impaired cytotoxic T-lymphocytes and natural killer cell function (22, 23) . Knockdown of Rab27a in mice was shown to impair the secretion of myeloperoxidase stimulated by LPS in vivo (24) . Rab27a has previously been demonstrated to be involved in the regulation of the secretion of secretory granules and lysosome-associated organelles in a variety of cell types (29) (30) (31) . It is of note that knockdown of Rab27a blocks exosome secretion in mammary carcinoma cells, which results in the inhibition of tumor growth as Rab27a-dependent exosomes are able to modify the tumor microenvironment for the promotion of tumor growth (32) . Silencing of Rab27a inhibited melanoma exosome secretion as well as angiogenic growth factors, resulting in the inhibition of tumor growth and metastasis (33) . Considering these findings, it may be hypothesized that exosomes secreted in a Rab27a-dependent manner are more tumorigenic. Overexpression of Rab27 in cancer cells may render secreted exosomes greater immunogenicity, and thus elicit more potent antitumor immunity.
The results of the present study showed that exosomes derived from Rab27a-overexpressing cells induced a stronger immune response and, compared with the controls, it markedly enhanced maturation of DCs. Levels of MHC molecules and the co-stimulatory molecules CD80 and CD86 were found to be highly increased. The levels of cytokines, including IL-1β, TNF-α and RANTES, were also highly induced. Hsps have been shown to directly stimulate the maturation of DCs (34) . In the present study, high levels of Hsp70 and Hsp90 were observed in the exosomes derived from Rab27a-overexpressing cells, which may be partly responsible for DC maturation. Moreover, DCs pulsed with exosomes were shown to be capable of boosting CD4 + T cell proliferation, suggesting that they are able to induce strong T cell responses. Thus, it was hypothesized that exosomes derived from Rab27a-overexpressing cells may induce efficient antitumor immune effects in vivo. As expected, it was observed that immunization with exosomes from Rab27a-overexpressing cells significantly inhibited tumor growth in vivo in a mouse model. It was also determined that type I cytokines were highly induced, which are important in tumor suppression via activation of macrophages and CTL (35) .
Exosomes have been proposed to be an ideal source of tumor antigens and have potential roles in tumor immunotherapy (36) . As expected, cell-free tumor vaccines based on exosomes have been exploited in a number of experimental animals and cancer patients. It has been reported that use of DEX stimulates a specific T-cell response and promotes natural killer lytic-activity in non-small cell lung carcinoma-bearing patients (37) . A method for ovarian cancer treatment via combination of tumor-associated ascites-derived exosomes and a Toll-like receptor 3 agonist has also been described and evaluated (7) . Ascites-derived exosomes in combination with GM-CSF for immunotherapy of colorectal cancer was shown to induce a beneficial tumor-specific antitumor cytotoxic T-lymphocyte (CTL) response with well-tolerated side effects (38) . Therefore, efforts have been made to improve the efficacy of exosome-based tumor vaccines. Exosomes derived from DCs pulsed with lymphocytic leukemia cell antigen in combination with cyclophosphamide and a sodium salt of polyinosinic-polycytidylic acid markedly induced spleen cell proliferation and cytotoxic effects in vitro and suppressed tumor growth in vivo (39) . Notably, a study showed that intradermal immunization with exosomes induced more effective CTL than subcutaneous administration (40) . It is possible that the efficiency of exosomes in antitumor immunity is not only associated with the processing protocol but also the source cell type, as a study has demonstrated that exosomes derived from ovalbumin (OVA)-pulsed DCs elicited more efficient antitumor immunity than exosomes derived from tumor cells expressing OVA (41) .
In conclusion, results of the present study have demonstrated that exosomes derived from Rab27a-overexpressing cancer cells elicit effective antitumor immunity, providing novel insights for the development of efficient exosome-based cancer vaccines. However, more studies are required to confirm these findings.
